Introduction
Carotenoids are naturally occurring dyes, differ in terms of their structures and functions and generally have a yellow, orange, or red color [1, 2] . Many enzymes are involved in the synthesis of carotenoids, and there are more than six hundred known carotenoids synthesized by these enzymes. Carotenoids usually have a C 40 hydrocarbon backbone in the form of polyene chain terminating in a ring on one or both ends or no ring at all. They can be classified into two types according to the presence of oxygen atoms into carotene, which only consists of carbon and hydrogen, and xanthophylls, which have an oxygen-containing functional group at the end. Many microorganisms are well known for synthesize carotenoids, among which marine microorganisms are reported such as Agrobacterium aurantiacum [3] , Haematococcus pluvialis [4] , Kocuria carniphila [5] , Kocuria gwangalliensis [6] , Paracoccus marcusii [7] , Paracoccus carotinifaciens [8] , and Phaffia rhodozyma [9] . In particular, astaxanthin is an industrially valuable carotenoid, is produced by a wide variety of organisms, and the synthetic pathway of astaxanthin in bacteria is shown in Fig. 1A [10, 11] .
Among various enzymes involved in the carotenoid synthesis, phytoene desaturase is an enzyme that con-http://dx.doi.org/10.4014/mbl.1802.02013 verts a colorless carotene called phytoene into a red lycopene and is involved in the early stages of C 40 carotenoid biosynthesis. C 40 carotenoid is biosynthesized by various organisms, such as bacteria, yeast, fungi, microalgae, and higher plants, most of which have phytoene desaturase, a critical enzyme for synthesizing C 40 carotenoid. The nucleotide sequence of the Phytoene desaturase gene and activation of the enzyme have been reported in relation to a photosynthetic bacterium known as Rhodobacter capsulatus [12] , as well as in relation to cyanobacteria [13] , fungi [14] , and plants [15, 16] . Phytoene desaturase is known to exist in two forms-as a membrane-bound enzyme and as a free water-soluble protein in the cytoplasm [17, 18] . In the carotenoid biosynthetic pathway, substances such as geranylgeranyl pyrophosphate (GGPP) and phytoene are colorless, and lycopene is the first substance showing a red color. In plants, four types of enzymes, phytoene desaturase (PDS), ζ-carotene desaturase (ZDS), ζ-carotene cis-trans isomerase (Z-ISO), and carotene cis-trans isomerase (CRTISO) are involved in the step in which phytoene is converted to lycopene [19−21] . In contrast, only one enzyme-phytoene desatruase (CrtI) is involved in lycopene synthesis, namely conversion of phytoene to the lycopene, in bacteria. Phytoene desaturase, which exists in the bacteria, converts four single bonds between C7-C8, C11-C12, C7'-C8', and C11'-C12' in the phytoene moleucle into double bonds, inducing dehydrogenation to eliminate eight hydrogen atoms bonded to these carbons (Fig. 1B) . This reaction is an important reaction that regulates carotenoid synthesis in the carotenoid biosynthetic pathway in carotenoid-producing organisms [22] . Only microorganisms, such as archaebacteria, eubacteria, and fungi, have been reported to have the crtI gene, which codes for phytoene desaturase that solely synthesizes lycopene [23] .
In the present study, we cloned the crtI gene (AY957386), which codes for phytoene desaturase that converts phyotene to lycopene, from the genoic DNA of a marine bacterium known as Paracoccus haeundaensis [24] . We induced expression of the cloned crtI gene in Escherichia coli and investigated the enzymatic features of phytoene desaturase produced by the crtI gene. Furthermore, we analyzed the activity of phytoene desaturase expressed in E. coli using cell lysate. In a narrower aspect, the findings of this study can be used as baseline data for producing astaxanthin, as it analyzed the activity of phytoene desaturase, a major enzyme involved in the astaxanthin biosynthetic pathway in P. haeundaensis; in a broader aspect, the findings will provide 
Material and Methods

Bacterial strain and growth conditions
Paracoccus haeundaensis, a marine bacterium releasing red pigments, was isolated from Haeundae, Busan, and was cultured on PPES-II (Polypeptone 0.2 g, Bacto soytone 1.0 g, Proteose peptone 1.0 g, Bacto yeast extract
for protein expression were cultured on Luria-Bertani (LB; Tryptone 1%, yeast extract 0.5%, NaCl 1%) medium at 37℃. Furthermore, the transformant strains obtained via TA cloning and using pET-44(a)-CrtI plasmid were cultured on a LB medium containing the ampicillin at 37℃.
Genomic DNA extraction and Phytoene desaturase (crtI) gene cloning
After culturing the P. haeundaensis strain on PPES-II medium, the strain was retrieved to isolate its chromosomal DNA. P. haeundaensis in the late logarithmic growth phase was centrifuged at 5,100 ×g for ten minutes and washed with 50 ml of TE buffer [10 mM TrisHCl (pH 7.5), 1 mM ethylenediamine tetraacetic acid]. The washed strain was further centrifuged at 11,000 ×g for ten minutes, suspended in 9 ml TE buffer containing 5 mg/ml lysozyme and 100 μg/ml RNase A (Sigma Chemical Company, USA), and incubated for one hour at 37℃. After adding 0.5 ml of 10% (w/v) SDS and 0.1 ml of 10 mg/ml proteinase K, the suspended solution was cultured on a shaker at 37℃ for several hours to completely dissolve the cells. The solution was mixed with 1.5 ml of 10% (w/v) acetyltrimenthylammonium bromide (CTAB) solution dissolved in 1.8 ml of 5 M NaCl and incubated at 65℃ for 20 min. An equal volume of chloroform/isoamyl alcohol (24:1, v/v) was added and gently mixed for ten minutes at room temperature. After that the solution was centrifuged for 20 min at 11,000 ×g at room temperature to obtain the supernatant. After extraction of the DNA twice with Chloroform/isoamyl alcohol, it was extracted again with an equal volume of the saturated phenol (1 M Tris-HCl (pH 7.5)) and again with chloroform/isoamyl alcohol. After adding a twofold volume of ethanol in low temperature (−20℃) and scraping the settled DNA using a glass rod, it was washed with 70% (v/v) ethanol. Ethanol was then evaporated in a vacuum state. DNA was suspended in a TE buffer, and its absorbance at 260 and 280 nm was measured to confirm DNA concentration.
To clone the phytoene desaturase (crtI) gene, we amplified the crtI gene using nested PCR method. The genomic DNA isolated from the P. haeundaensis strain was used as the template DNA, and CrtI-F1 (5'-CAAG-CCTCCCATTCCCCTTGG-3') and CrtI-R1 (5'-CGGTC-GAGGTCAGGACCAGAT-3') primers were used. The first round of PCR was performed for 20 cycles: 30 sec at 94℃, 30 sec at 62℃, and 90 sec at 72℃. The primary PCR product was diluted by 100 times and was used as the template DNA for the nested-PCR. Using the CrtI-F2 (5'-ATGAACGCCCATTCGCCCG-3') and CrtI-R2 (5'-TCATGCGCCCGCCAGG-3') primers, the nested-PCR was performed for 25 cycles: 30 sec at 94℃, 30 sec at 60℃ and 90 sec at 72℃. The Nested-PCR product was cloned into a XL1-Blue strain using a pGEM-T easy vector (Promega, USA) to obtain plasmid DNA containing the crtI gene, which was then used for analyzing base sequence and creating a recombinant DNA for protein expression.
Creation of recombinant DNA for Phytoene desaturase expression and protein expression in E. coli
To fabricate a recombinant plasmid DNA for Phytoene desaturase expression, the plasmid DNA obtained from the above process was used as the template DNA to run PCR with CrtI-FN (5'-CATATGAACGCCCATTCGC-CCGC-3') and CrtI-RX (5'-AAGCTTTGCGCCCGCCA-3') primers that contain Nde I and Xho I restriction enzyme sequences. The PCR was set for 25 cycles of 30 sec at 94℃, 30 sec at 62℃, and 90 sec at 72℃. The resulting PCR product was cloned into a pGEM-T easy vector to obtain plasmid DNA. After treating the plasmid with two restriction enzymes-Nde I and Xho I-before performing an agarose gel electrophoresis to purify the crtI gene via the agarose gel elution method. In addition, the http://dx.doi.org/10.4014/mbl.1802.02013
pET-44(a) vector DNA was treated with the same restriction enzymes and purified via agarose gel elution. The obtained crtI gene and pET-44(a) vector DNA were ligated using T4 DNA ligase and transformed into the XL1-Blue strain to obtain a pET-44(a) DNA containing the crtI gene, which was then named pET-44(a)-CrtI.
The pET 44(a)-CrtI plasmid fabricated to express Phytoene desaturase was transformed into the BL21(DE3) strain, an E. coli host cell, and the transformants were screened. The selected strains were cultured on LB medium containing 50 μg/ml ampicillin until OD 600 reached 0.5. IPTG (Isopropyl β-D-1-thiogalactopyranoside) was added to reach a final concentration of 0.1 mM, and the strain was cultured additionally at 37℃ to induce over-expression of the crtI gene. To examine the optimal protein expression conditions in relation to time, 1 ml of the culture solution was taken for each time point. The samples were centrifuged at 13,200 rpm for two minutes, and the supernatant was discarded. Protein was extracted from each sample pellet to run electrophoresis on 10% SDS-PAGE gel. The PAGE gel was dyed with coomassie brilliant blue after electrophoresis. The remaining Commassie Brilliant Blue on the gel was then removed using a depigmenting agent before examining the results [25] .
Analysis of phytoene desaturase enzyme activity
We analyzed the activity of the recombinant phytoene desaturase enzyme expressed in the BL21(DE3) transformant containing the pET-44(a)-CrtI plasmid. The transformant E. coli was incubate at 37℃ until OD 600 reached 0.5, treated with IPTG, and incubated at 37℃ for three hours, which was the optimal expression condition. The cultured transformant was centrifuged at 4,000 rpm at 4℃ for 30 min, and all subsequent processes were performed at a temperature below 4℃ to maintain phytoene desaturase activity. The centrifuged transformant was washed two times with PBS buffer solution, resuspended in PBS buffer solution, and lysed using a sonicator. To isolate active protein in the lysate, it was centrifuged at 13,000 rpm at 4℃ for 20 min, and the supernatant was collected. The protein concentration in the collected supernatant was measured via Bradford assay.
We analyzed the activity of phytoene desaturase contained in the collected supernatant. After preparing 500 μl of specimen mixture with a final concentration of 4 mM FAD (Flavin adenine dinucleotide), 100 mM phosphate buffer pH 8.0, 200 mM NaCl, and 20 μM phytoene, the supernatant (1 mg of protein) obtained from the cell lysate was mixed in. Deionized water was added to achieve a final volume of 1 ml to prepare the mixture for enzyme activity analysis. Enzyme was reacted for an hour at 25℃ in a dark room. After the reaction was complete, it was isolated and purified. Analysis was performed via HPLC (High performance liquid chromatography) [26] using the Nova-Pak HR 6 U C18 column. For the HPLC, the temperature was set to 40℃, and the mobile phase was measured for 30 min. For the mobile phase, 14% 0.1 M Tris-HCl (pH 8.0), 84% acetonitrile, and 2% methanol, were used for 0−15 min and 68% methanol, and 32% ethyl acetate for 15−30 min. The mobile phase velocity was 1 ml/min regardless of the status of the solvent. The carotenoid isolated via HPLC was measured at 280 nm and 470 nm using a photodiode array detector, which was compared with the measurements of the standards. The lycopene and phytoene standards were purchased from SigmaAldrich.
Results and Discussion
Cloning of the crtI gene in the genomic DNA of P. haeundaensis
The crtI gene in the P. haeundaensis strain was obtained via nested PCR, and agarose gel electrophoresis confirmed that the crtI gene was about 1.5 kbp long. The base sequence of the crtI PCR product was analyzed after TA cloning, and analysis revealed that the ORF of the crtI comprises 1,503 bp and codes for 501 amino acids. The stop codon for the crtI gene is TGA, located at 1,504−1,506 bp (Fig. 2) .
Analysis of amino acid sequence of P. haeundaensisderived phytoene desaturase (CrtI)
We predicted the secondary structure of phytoene desaturase by analyzing the amino acid sequence coded by the crtI gene in P. haeundaensis crtI using the protein analysis program on the SABLE website (http://sable. cchmc.org) (Fig. 2) . The results showed that the phytoene desaturase from P. haeundaensis has a molecular weight of about 55.0 kDa, and the predicted isoeletric point (pI) is about 8.8. Phytoene desaturase enzymes are known to exist in two forms-membrane-bound or water-soluble-and we used the Transmembrane Regions and Orientation (TMpred) algorithm (http:// www.ch.embnet.org) to predict the transmembrane domains in order to determine which type the phytoene desaturase from P. haeundaensis falls under. Results showed that the secondary structure of phytoene desaturase from P. haeundaensis may contain 18 β-sheet structures, and 18 α-helices and random coil structures; based on these results, the phytoene desaturase is only expressed as water-soluble enzymes found in the cytoplasm [25, 27] .
Expression and examination of P. haeundaensis phytoene desaturase (CrtI) in E. coli
We used a pET-44(a) vector to express the crtI gene in E. coli. pET-44(a)-CrtI plasmid was prepared by inserting the crtI gene of P. haeundaensis into a pET-44(a) vector (Fig. 3) . To express the P. haeundaensis crtI gene in E. coli, we transformed the BL21(DE3), the host cell for protein expression, to pET-44(a)-CrtI plasmid and selected transformants.
The expression of the recombinant crtI gene was induced using IPTG in the selected transformants. To examine the degree of crtI gene expression over time, we took 1-ml samples of the cultured solutions at 0, 1, 3, 5 h after IPTG treatment and after overnight incubation and isolated the protein. The prepared protein samples were analyzed with electrophoresis using 10% SDS-PAGE gel (Fig. 4) . The PAGE gel was stained with Coomassie Brilliant Blue after electrophoresis. The PAGE gel showed an overexpressed protein, and the molecular weight of the protein was about 55 kDa. The molecular weight of the overexpressed protein was identical to that of the phytoene desaturase, confirming that the protein is indeed phytoene desaturase. Our analysis showed that phytoene desaturase began to be expressed after one hour of IPTG treatment, and the optimal time of expression was 3 h after IPTG treatment.
Analysis of activity of phytoene desaturase from P. haeundaensis
To analyze the activity of the phytoene desatruase expressed in E. coli, we expressed phytoene desaturase from BL21(DE3) and performed an enzyme assay after lyse the cells [28, 29] . Overexpression was induced in BL21(DE3), which was transformed using pET-44(a)-CrtI plasmid, using IPTG, which was then lysed to analyze phytoene desaturase activity. Enzyme activities were analyzed at 280 nm and 470 nm using the UV/Visible HPLC Detector of HPLC [30−32] . Because the two carotenoids (phytoene and lycopene) for analysis have different detection wavelengths, we analyzed them separately in two separate analyses (Fig. 5) . Fig. 5A and Fig.  5B shows the results of analyzing the phytoene and lycopene standards; phytoene was isolated at 280 nm and retention time of 27 min, while lycopene was isolated at 470 nm and retention time of 22 min. Fig. 5C and Fig.  5D show the measurements after reacting phytoene with phytoene desaturase. We observed that the amount of phytoene decreased after reacting with Phytoene desaturase, and as shown in Fig. 5D , we were able to confirm that lycopene was synthesized. In addition, we measured enzyme activity in relation to substrate con- In this study, we isolated the crtI gene, which codes phytoene desaturase, from P. haeundaensis. Phytoene desaturase regulates the carotenoid biosynthetic pathway and is the sole enzyme that synthesizes lycopene, the first substance to show color in the C 40 carotenoid biosynthetic pathway. We analyzed the amino acid sequence of phytoene desaturase from P. haeundaensis to examine its structural features using an amino acid sequence analysis program. To obtain phytoene desaturase enzyme, we induced overexpression using BL21(DE3), a host cell for protein expression, and the activity of the overexpressed phytoene desaturase was analyzed with cell lysate. Enzyme activity analysis revealed that the activity of phytoene desaturase from P. haeundaensis expressed in E. coli was lower than that of the phytoene desaturase from other organisms, might be due to unpurified assay of the phytoene desaturase. Increased activity of phytoene desaturase is expected after purification of the recombinant protein. These findings may be used as baseline data for astaxanthin production from P. haeundaensis, as they offer information about the primary and secondary protein structures of phytoene desaturase from P. haeundaensis, a major enzyme involved in the astaxanthin biosynthetic pathway in the bacterium, based on an analysis of amino acid sequence.
